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A s t a t i s t i c a l  technique is  developed fo r  estimating 
the climatological probabili ty tha t  an existing tropical 
cyclone w i l l  produce sustained 35-knot winds a t  Cape Kennedy. 
Probabi l i t ies  are computed f o r  specif ic  times and f o r  various 
time in te rva ls  extending to  seven days. The technique i s  
developed i n i t i a l l y  considering only the storm's location, 
then expanded to  take in to  account i t s  antecedent path. Two 
classes of storms are  processed separately: (1) Those or igi-  
nating over the Atlantic Ocean o r  the eastern Caribbean Sea, 
and (2) those originating over the western Caribbean Sea o r  
the G u l f  of Mexico. 
speeds of other threshold values and for  other coastal loca- 
tions which may be affected by tropical cyclones. 

The technique can be adapted f o r  wind 

A condensation of this paper was presented a t  the F i f t h  Space 
Congress, sponsored by the Canaveral Council of Technical 
Societies, Cocoa Beach, Florida, March 11-14, 1968. 



INTRODUCTION 

This study was undertaken by the Spaceflight 
Meteorology Group (SMG), Weather Bureau, ESSA, in response to 
a request from the National Aeronautics and Space Administration 
(NASA), Kennedy Space Center, to provide quantitative estimates 
of the likelihood of Cape Kennedy experiencing critical winds 
associated with tropical storms or hurricanes. Since the time 
required to return the Saturn V - Apollo space vehicle to the 
Vehicle Assembly Building at certain stages of launch prepara- 
tion exceeds the period for which forecasts are issued, it is 
necessary to rely on climatology for periods exceeding 72 hours. 

The Weather Bureau' s Spaceflight Meteorology Group, 
through funds transferred from the NASA Office of Manned Sgace 
Flight, provides the primary meteorological support for the 
NASA manned spaceflight program. The authors are members of 
the Miami Section of SMG, collocated with the ESSA Weather 
Bureau's National Hurricane Center at the University of Miami. 

The problem posed to the Spaceflight Msteorology 
Group was threefold: (1) What is the probability of critical 
winds at Cape Kennedy during periods of various specified 
lengths during the hurricane season without regard to the 
current tropical cyclone situation? (2) What is the probability 
at a specified time of an existing tropical storm or hurricane 
producing critical winds at Cape Kennedy, and the total proba- 
bility of an existing tropical storm or hurricane producing 
critical winds within a specified period of time? (3) What is 
the probability of an existing tropical storm or hurricane pro- 
ducing critical winds at Cape Kennedy, considering the storm's 
antecedent motion? 

In this report a critical wind is defined as a one- 
minute average wind of 35 knots at anemometer level (10 meters 
at  the Cape Kennedy weather station) produced by a.'$rbpical 
storm or hurricane. Assuming the gust factors usually associated 
with winds of this magnitude (1.4 or slightly higher), 35-knot 
one-minute winds would be accompanied by gusts approaching 50 
knots. Tropical storms or hurricanes will be referred to jointly 
in this paper as tropical cyclones or simply as storms. 
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SELECTION OF CASES 

Data on a l l  t rop ica l  cyclones occurring i n  the 
Atlant ic ,  Gulf of Mexico, o r  the Caribbean a f t e r  the year 
1885 were computer processed t o  determine i f  they 
t o  have produced c r i t i c a l  winds a t  Cape Kennedy. 
of M i a m i  IBM 7040 computer was used f o r  t h i s  and, wherever 
feas ib le ,  f o r  other  computational aspects of t h i s  study. Since 
the period of surface wind records a t  Cape Kennedy i s  much 
shor te r  than the period of record of t rop ica l  cyclones, a pro- 
cedure was devised f o r  the se lec t ion  of storms l i k e l y  t o  have 
produced c r i t i c a l  winds a t  t h i s  s i t e .  The following regression 
equation r e l a t ing  radius of 35-knot winds t o  maximum wind i n  
the storm was developed and tes ted on a l l  t rop ica l  cyclones 
passing within 150 miles of Cape Kennedy during the ten years 
of overlapping period of record of Cape Kennedy surface winds 
and t ropica l  cyclones, 1957-1966: 

i t y  

R =  

where R = radius of 35 knot winds i n  naut ical  miles 

= estimated mean maximum wind i n  the storm i n  Wmax miles per hour1 f o r  given day. 

Maximum winds i n  each t rop ica l  cyclone were estimated f o r  
each day of the s t o r m ' s  existence by the National Weather 
Records Center f o r  periods subsequent t o  31 July 1899. During 
the 14 years of record p r i o r  t o  t ha t  date ,  maximum winds i n  
storms approaching Cape Kennedy were estimated by the wr i te rs  
according t o  whether the storms were c l a s s i f i ed  as t ropica l  
storms o r  hurricanes,  and whether they approached from the 
land o r  the sea.  

Detai ls  of the storm-selection technique a re  shown 
i n  Figures 1 and 2. Figure 1 presents the log ic  i n  terms of 
a computer flow chart ,  while Figure 2 presents a schematic 
representat ion of a f i c t i t i o u s  case. Referring t o  Figure 1, 
the i n i t i a l  computer decision as t o  whether a s torm ever moved 
west of 7 5 O W  o r  north of 200N immediately eliminates from 
fur ther  consideration a la rge  percentage of the storms which 
obviously never affected Cape Kennedy. Next, a l i n e a r  i n t e r -  
po la t ion  between the card-punched OOOOGMT and 1200GMT storm 
posi t ions gives 3-hourly storm posi t ions f o r  O3OOGMT, 0600GMT 
and O9OOGMT while in te rpola t ion  between the 12OOGMT and OOOOGMT 

s the u n i t  of wind speed 
because the computer card deck was punched i n  t h i s  un i t .  
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card-punched posit ions gives intermediate posit ions f o r  1 5OOGM'I!, 
1800GKC and 2100GpJpT f o r  each day of the storm's existence. 
computer decision as t o  whether a storm bypassed Cape Kennedy 
removes from fur ther  consideration those s torms which were not 
f i l t e r e d  out by the f i r s t  screening but which a re  now moving 
away from Cape Kennedy a f t e r  having moved t o  a m i n i m u m  distance 
from the Cape without producing c r i t i c a l  winds. The actual  de- 
c is ion as t o  whether the storm ever produced c r i t i c a l  winds a t  
the s i t e  depends on whether distance Z (DISTZ, as defined i n  
Figure 2) i s  equal t o  or  l e s s  than the radius of 35-knot winds 
as defined by equation ( 1 ) .  The constant 53 i n  the expression 
f o r  DISTX i s  simply the length,  i n  naut ical  miles, of one degree 
of longitude a t  the l a t i t ude  of Cape Kennedy, 
used on both Figures 1 and 2 re fers  to  the mean m a x i m u m  wind 
near the center of the storm on a given day. 

affecting Cape Kennedy i s  somewhat a rb i t ra ry .  Undoubtedly i n  
some hurricanes sustained winds i n  excess of 35 knots w i l l  extend 
much fa r ther  from the storm center than equation (1 )  indicates,  
while i n  some minimal t ropical  storms the radius of 35-knot winds 
would be smaller. It i s  t rue also i n  general that asymmetry i n  the 
wind f i e l d  is  observed i n  most s torms,  which i s  i n  turn  a function 
of the in tens i ty  of the storm, i t s  direct ion of movement, and the 
surrounding synoptic features.  However, it i s  believed that i n  
dealing w i t h  mean conditions where large numbers of storms are  
considered, the method outlined above correct ly  ident i f ies  most 
of the storms that have produced 35-knot sustained winds a t  
Cape Kennedy. 

not greatly d i f fe ren t  from those obtained from other models, 
f o r  example, Jelesniaski (1966) and Hughes (1952). In  any case, 
i t  i s  believed that th i s  method of select ion i s  superior t o  con- 
sidering a l l  storms passing within a fixed distance from the 
s ta t ion .  

The 

The term WIND as 

It i s  realized that this method of select ion of  storms 

Equation (1 )  y ie lds  values f o r  radii  of 35-knot winds 

The paths of a l l  t rop ica l  storms, 1886-1966, which 
were calculated t o  have produced c r i t i c a l  winds a t  Cape Kennedy 
according t o  the above c r i t e r i a  a re  shown i n  Figure 3. 
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PROBLEM 1 

The i n i t i a l  problem was t o  determine the average 
frequency of c r i t i c a l  winds a t  Cape Kennedy without regard 
t o  the current  existence of  any t ropica l  cyclones. 

computed t o  have produced c r i t i c a l  winds a t  Cape Kennedy 
1880-1966, These data are presented i n  graphical  form i n  
Figure 4. I n  a l l  there were 36 such occurrences over the 
span of 81 years  iving a mean of 0044 storms per year, How- 
ever ,  i n  t he  years 1887, 1891, 1893, 1928, 1933, and 1964 
there were two occurrences each, leaving 30 years out of a 
possible  81 during which c r i t i c a l  winds were observed a t  
l e a s t  once. The observed percentage frequency of one or  more 
occurrences of the c r i t i c a l  wind condition is  therefore  0.37 
o r  37% of the  years, In  example 1, page 57, i l l u s t r a t i n g  the  
use of t h e  figures ani? t ab l e s  contained within t h i s  repor t ,  
i t  i s  shown t h a t  t h e  observed frequencies c losely approximate 
the p robab i l i t i e s  computed by f i t t i n g  t h e  data  t o  a Poisson 
d i s t r ibu t ion ,  where the sample mean ( 0 . 4 4 ) . i s  used a s  t h e  
Poisson parameter, 

Table 1 lists a l l  t h e  t rop ica l  cyclones which were 

Figure 5 s t r a t i f i e s  the t rop ica l  cyclone data in to  
calendar months, while Figure 6 fur ther  s t r a t i f i e s  the data 
in to  calendar weeks (week one, January 1-7, e t c . ) .  A s  expected, 
both f igures  show the typ ica l  l a t e  summer and autumn t ropica l  
cyclone m a x i m u m  but the l a t t e r  f igure  suggests the p o s s i b i l i t y  
of some minor var ia t ions within the season i t s e l f .  These 
intra-seasonal var ia t ions a re  depicted i n  greater  d e t a i l  i n  
Figure 7. The frequencies on t h i s  l a t t e r  f igure  a re  based on 
a 3-week moving average of the da i ly  c r i t i c a l  wind occurrences 
a t  Cape Kennedy over the period of record, For example, the 
percentage frequency of 0.76 on October 16 indicates  t h a t  be- 
tween October 6 and October 26, 1886 through 1966 ( a  t o t a l  of 
1701 days),  c r i t i c a l  winds were observed a t  Cape Kennedy on 
13 days. ( .0076 x 1701 = 13) .  

there  a re  four  peaks t o  the t rop ica l  cyclone season a t  Cape 
Kennedy. A small, almost ins igni f icant  m a x i m u m  occurs i n  
ear ly  June, while other ,  be t t e r  defined peaks a re  seen t o  
occur i n  ea r ly  August, ea r ly  September, and f i n a l l y  i n  mid- 
October. Minimum values occur during the f i r s t  two weeks i n  
July,  mid-August, and l a t e  September. 

Between May 18 and November 8, Figure 7 shows t h a t  
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The ear ly  season maximum i s  produced by storms which 
originate i n  the G u l f  of Mexico or the western Caribbean and 
generally approach Cape Kennedy from the south or southwest. 
A rapid increase i n  the frequency of c r i t i c a l  winds can be 
expected i n  l a t e  July. 
mum i n  mid-August i s  not c lear  and may be due simply to  the 
r e l a t ive ly  f e w  cases available f o r  analysis. It was noted, 
however, that most of the storms tha t  comprise the early 
A u g u s t  maximum originated i n  the 10-degree latitude-longitude 

The reason f o r  the decline t o  a mini- 
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Figure 4: Occurrence of c r i t i c a l  winds a t  
Cape Kennedy by year, 1886-1966. 

1886 thru 1966 

Figure 5: Percent frequency of one o r  more 
occurrences of  c r i t i c a l  wind speed a t  
Cape Kennedy during spec i f ied  months. 
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Figure 6: Percent frequency of one or more 
occurrences of critical wind speed 
at Cape Kennedy during specified weeks. 

Figure 7: Percent frequency of critical wind 
speed occurrence at Cape Kennedy on 
any given date based on 3-week moving 
average 

9 



box centered a t  15N 60W, whereas most of the storms that 
comprise the e a r l y  hep tember maximum or iginated e i t h e r  i n  
the IO-degree lati tude-longitude box f i v e  degrees farther 
nor th  o r  t raversed the ent i re  Atlant ic  Ocean from of f  the 
coast  of Africa. The l a t e  season maximum i n  mid-October 
has a sound physical basis  and, as pointed out  by Cry (1969,  
i s  produced by t rop ica l  cyclones t h a t  form over the western 
Caribbean Sea or  G u l f  of Mexico during that period. 

PROBLEM 2 

The second problem was t o  determine the  instantaneous 
and cumulative p robab i l i t i e s  of an exis t ing t rop ica l  storm pro- 
ducing c r i t i c a l  winds a t  Cape Kennedy within specif ied periods 
of t i m e .  

The loca t ion  of a l l  t rop ica l  cyclone centers  ca l -  
culated t o  have produced c r i t i c a l  winds were p lo t ted  a t  
24-hour in t e rva l s  beginning w i t h  the t i m e  of onset of these 
winds a t  Cape Kennedy and working backward seven days, o r  t o  
the o r ig in  of the storm i f  it had existed less than seven days. 
An analysis  of these p lo t ted  posi t ions revealed two d i s t i n c t  
source regions f o r  storms which eventually affected Cape 
Kennedy. One source region was the Atlant ic  and extreme north- 
eas te rn  Caribbean, while the other  was the G u l f  of Mexico and 
western Caribbean. It was necessary, therefore ,  t o  process 
these two groups separately.  It w a s  found fu r the r  that ,  ex- 
cepting one May and one June storm during the 81-year period, 
a l l  of the eas te rn  group of storms occurred during the er iod 
Ju ly  15 through October 15 ( type B o r  mid-season stormsy, and 
a l l  o f - t h e  western group occurred during the  period September 
15 through October 31 (type C o r  late-season storms). Tropical 
cyclones occurring from May 1 through July 15 were designated 
type A,  o r  as ea r ly  season storms, but s ince only two have 
produced c r i t i c a l  winds a t  Cape Kennedy during the period of 
record, they could not  be processed according t o  the  scheme t o  
be out l ined below. 

After p lo t t i ng  these mid and l a t e  season storm 
posi t ions,  equi-probabili ty e l l i p s e s  were computed from the 
d i s t r i b u t i o n  of the  storm center  locat ions f o r  each day p r io r  
t o  a f fec t ing  Cape Kennedy and f o r  each of the two groups of 
storms, assuming a b ivar ia te  normal d i s t r ibu t ion  of the l a t i -  
tude and longitude coordinates. The Kolmogorov-Smirnov one- 
sample t e s t  (Siegel,  1956) was applied t o  determine that  t h i s  
assumption w a s  reasonable. The differences between the  
theo re t i ca l  and ac tua l  cumulative probabi l i t i es  computed did 
not  ind ica te  that  this  hypothesis should be rejected.  



These storm locations and the computed ellipses 
are shown in Figures 8 through 15. Following convention, 
storm symbols with open circles are tropical storms while 
those with darkened circles repr ent hurricanes. These 
ellipses depict the theoretical s tribution of storms that 
would be initially producing cri cal winds at Cape Kennedy 
in the number of hours or days indicated. That is to say, 
90 per cent of such storms should lie within the .9O con- 
tour, 10 per cent within the .lo contour, etc. Techniques 
utilizing probability ellipses applied to a number of geo- 
physical parameters have been described by, among other 
authors, Rapp and Isnardi (1951) , Veigas et a1 (1959) , 
Crutcher and Baer (1962), Haggard, Crutcher and Whiting 
(1965) , and Groenewoud e t  a1  (1967). 

It was necessary to compute probability ellipses 
in order to expand the available data. According to the 
criteria used in this study, only thirty-six storms affected 
the Cape Kennedy area during the eighty-one year period of 
record. The number of storms plotted at 24-hour intervals 
prior to affecting Cape Kennedy ranged from eight to twenty- 
three in the Atlantic and from four to eleven in the western 
Caribbean and the Gulf of Mexico. The ellipses permit re= 
distribution of these storms so that a value can be assigned 
to each area into which the ellipse is subdivided. 

The centroids of the two groups of storms plotted 
at 24-hour intervals as they approached Cape Kennedy are 
shown in Figure 16. Note that in the late season group, 
that is, those originating in the western Caribbean or the 
Gulf of Mexico, the ellipses were computed for periods ex- 
tending out to five days only. 
pute ellipses for six to seven days for storms originating 
in that area because too few storms were in existence for 
-tKaE length of time prior to their affecting Cape Kennedy. 
The line connecting the centroids can be considered as the 
"most critical track" insofar as Cape Kennedy is concerned. 

It was not possible to com- 
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Figure 8: Probability ellipses of the distribution of tropical 
storms or hurricanes 1886-1966 when they first pro- 
duced critical winds at Cape Kennedy. (a) Storms 
having originated in the eastern Caribbean or Atlantic 
July 15 - October 15, (b) Storms having originated in 
the western Caribbean or Gulf of Mexico, September 15 - 
October 31 



Figure 9: P robab i l i t y  e l l ipses  of the d i s t r ibu t ion  of t r o p i c a l  
storms o r  hur canes having originated i n  the eastern 
Caribbean o r  l a n t i c  July 15 - October 15, 1886- 
1966, which produced c r i t i c a l  winds a t  Cape Kennedy 
a t  (a) 24 hours , and (b) 48 hours e 



Figure 10: Probability ellipses of the distribution of tropical 
storms or hurricanes having originated in the eastern 
Caribbean or Atlantic July 15 - October 15, 1886- 
1946, which produced critical winds at Cape Kennedy 
at (a) 72 hours and (b) 94 hours e 



Figure 11: P robab i l i t y  e l l ipses  of the d is t r ibu t ion  of t ropical  
storms o r  hurricanes having originated i n  the eastern 
Caribbean o r  Atlantic July 15 - October 15, 1886- 
1966, which produced c r i t i c a l  winds a t  Cape Kennedy 
a t  (a) 120 hours, and (b) 144 hours. 
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Figure 12: Probabi l i ty  e l l i p s e  of the d i s t r i b u t i o n  of 
t rop ica l  storms o r  hurricanes,  having or iginated 
i n  the eas te rn  Caribbean o r  Atlant ic  July 15 - 
October 15, 1886-1966, which produced c r i t i c a l  
winds a t  Cape Kennedy a t  the 168th hour. 



Figure 13: Probability ell ipses of the d is t r ibu t ion  of t rop ica l  
storms or  hurricanes having originated i n  the western 
Caribbean or G u l f  of Mexico September I 5  - October 31, 
188694966, which produced c r i t i c a l  winds a t  Cape 
Kennedy a t  (a) 24 hours, and (b) 48 hours. 



Figure 14: Probabili ty e d i s t r ibu t ion  of t ropical  
storms o r  hur 
Caribbean o r  
1886-1 966, 
Kennedy a t  (b) 96 hours. 

originated i n  the western 
September 15 - October 31 , 

r i t i c a l  winds a t  Cape 



Figure 15: Probability e l l i p se  of the d is t r ibu t ion  of 
t ropical  storms or hurricanes having originated 
i n  the western Caribbean o r  G u l f  of Mexico 
September 15 - October 31, 188601966, which 
produced c r i t i c a l  w i n d s  a t  Cape Kennedy a t  the 
1 20th h O U r  

19 



20 



A brief description of the method of computing the 
probabili ty e l l ipses  fol lows.  

The bivariate normal probabili ty density function i s  
expressed as 

where G, whose locus i n  the x,y plane i s  an e l l ipse ,  i s  

( 3 )  
(Lindgren, 1962) . dx and are  the standard deviation and 
the variance respectively of the x (longitude) coordinate, 
d y  and dY2 the standard deviation and the variance of the y 
( la t i tude)  coordinate, /ccx a n d a y  the mean values of the x and 
y coordinates, and i s  the correlation coeff ic ient  between 
the x and y coordinates of the dis t r ibut ion.  I n  making computa- 
t i ons  from actual  data, these population parameters a re  replaced 
by the i r  corresponding sample parameters, tha t  i s  6 x  i s  re-  
placed by Sx, dy by Sy, p, by r n ,  ,uX by 37, and 

Now the probabi l i ty  that a randomly selected point 
(X,Y) fa l l s  i n  the region S of the x,y plane i s  

by y. 

P(S) = If f(x,y)dxdy, (4) 
S 

(Burington and May, 1953). However, the locus of G = c2, where 
c i s  a constant, defines an equi-probability e l l ipse ,  where f o r  
each value of c ,  f (x ,y)  i s  a constant. For example when 
c = 1.1774, P = .50. 
t i cu la r  value of c is given by 

I n  general the e l l i p se  defined by a par- 

P = I - exp(-c2/2) ( 5) 
The lengths of the major and minor axes f o r  each 

probabili ty value computed a re  obtained by multiplying the 
standard deviations along the major and minor axes by the 
value of c fo r  the par t icu lar  probabili ty desired. 



To obtain the orientation of the elliptical axes, it 
is necessary to rotate the coordinate axes through an anglep 
so that the cross-product term in (3) disappears. Since this 
term contains the correlation coefficient P x ~ ,  the elliptical 
axes are those along which the x and y components are uncor- 
related. The angle of rotation, y/ , is obtained by applying 
elementary concepts of analytic geometry, where it is shown 
that? given the general equation of an ellipse centered at the 
origin of the x-y coordinate system, 

Ax2 + Bxy + Cy2 + F = 0 ( 6 )  

a rotated set of coordinate axes is made to coincide with 
those of the ellipse by rotating them through an angle defined 
by 

Tan2p = A - C  

In terms of equation ( 3 ) ,  this expression becomes 

The variances 
determinental 

2Pw dxdy 
4 2 - 4 2  

Tan2P = 

X Y 

along the rotated axes are 
equation (Hald, 1952) 

( 7 )  

(8) 

computed from the 

I s s  rXY x Y I 

Solving for K, one obtains 

The larger value for K, Ka, is the variance along the major 
axis, and the smaller value, Kb, is the variance along the 
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minor axis of the e l l ipse .  The l en  th  of these axes i s  then 
computed by multiplying T& and &, the standard deviations 
along the e l l i p se  axes by the appropriate value of c obtained 
from equation (5) . 
shown i n  f igure A (Appendix) was computed from the following 
parameters : 

For example, the .5O contour of the e l l i p se  

- x = 1 8 . 3 ~  

y = 60.8W 

SX = 3.10 degrees of l a t i t ude  

Sy = 3.04 degrees of l a t i tude  

r n  = .O9 

From equation (8) , )v = +39.1 degrees e Com u t in  the length 
of the axes f o r  the .50 contour, c = 1.177f, &a = 3.21, 
T b  = 2.92. The length of the major axis of the .5O e l l i p se  
i s  then c- = 1 .I774 x 3.21 = 3.78 degrees of l a t i tude ,  and 
the length of the minor axis i s  c a  = 1.1774 x 2.92 = 3.44 
degrees of l a t i tude .  

The storm dis t r ibut ions indicated by the computed 
e l l ipses  were used to  determine the probabi l i t ies  tha t  storms 
located over par t icular  areas would a f fec t  Cape Kennedy a t  a 
given time. These probabi l i t ies  were determined as fol lows.  

It was found that the best resolution of the data 
could be obtained by dividing the area studied into 2* degree 
latitude-longitud-e ..boxes e Positions of hurricanes back t o  
the year 1886 a s  gt-ven by Cry e t  a1 (1959) have been punched 
on computer cards a t  the National Weather Records Center, 
Asheville, North Carolina. This card deck was brought up t o  
date through the 1966 hurricane season and computer processed 
to  determine the t o t a l  number of t ropical  storms o r  hurricanes 
that had been i n  each 2* degree latitude-longitude box during 
the eighty-one years of record. These to t a l s  divided in to  
early-season (Type A) storms (May 1 
(Type B) storms (July 15 - October 1 ) ,  and late-season (Type 
C) storms (September 15 - October 31 are  shown respectively 

July 15j, mid-season 

i n  Figures 17, 18 and 19. 
Each 2* degree box, any par t  of which was contained 

within a 99 per cent e l l ipse ,  was examined t o  approximate the 
portion of the e l l ipse ,  i n  terms of probability, tha t  i t  con- 
tained, These values are  the percentages of storms within the 
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Figure 17: Number of tropical storms or hurricanes passing 
through each 2* de ree latitude-longitude box 
1 May - 15 Ju ly  18 8 6-1966. 
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Figure 19: Number of tropical storms or hurricanes passing 
through each 2* degree latitude-longitude box 
15 September - 31 October 1886-1966. 



e l l i p s e  that would be located i n  ths included boxes a t  a 
par t icula-  time p r i o r  t o  t h e i r  reaching Cape Kennedy. These 
percentages mult ipl ied by the t o t a l  number of s 
which the e l l i p s e  was computed, y ie ld  the numbe oms 
t h a t  would have been i n  the individual  boxes, a a 
b ivar ia te  normal d i s t r ibu t ion .  This adjusted number of 
storms affect ing Cape Kennedy, divided by the t o t a l  number 
of storms i n  the box during the geriod of record whether o r  
not these affected Cape Kennedy gives probabi l i ty  of a storm 
i n  a given box affect ing Cape Kennedy a t  a specif ied time. 

late-seasons a r e  shown i n  Figures 20 through 26. 

ing storm i n  a par t icu lar  box affect ing Cape Kennedy a t  a 
given time i s  given by 

rom 

The r e s u l t s  of these computations f o r  the mid 

Summarizing the above, the probabi l i ty  of an ex is t -  

PI = B N / N t  B N I  N$O ( 1 1 )  

where PI  = probabi l i ty  t h a t  an exis t ing s torm w i l l  
a f f e c t  Cape Kennedy a t  a specif ied time 

N = ac tua l  number of  storms a f fec t ing  Cape 
Kennedy from which the e l l i p s e  was computed 

B = contr ibut ion of a box t o  99 per cent e l l i p s e  

N t  = t o t a l  number of storms passing through a 
la t i tude-longi tude box during season over 
e n t i r e  period of record. 

BX i s  the theore t ica l  number of storms i n  each box t h a t  
should have affected Cape Kennedy. The indicated boundaries 
on equation (11)  must be establ ished because i f  N t  = 0, no 
storms have passed through the box i n  question, and if  one 
did appear there ,  the probabi l i ty  of i t s  a f fec t ing  any area 
i s  indeterminate. Also, BN must be equal t o  o r  smaller than 
N t  t o  avoid impossible probabi l i t i es .  I n  a l l  computations, 
BN was generally an order of magnitude smaller than N . A 
sample computation of B i s  i l l u s t r a t e d  i n  the Appendix. 

o n l y  t o  spec i f i c  times p r i o r  t o  the onset of c r i t i c a l  winds 
a t  Cape Kennedy. There remains t o  determine an estimate of 
the t o t a l  p robabi l i ty  t h a t  an exis t ing storm w i l l  a f f e c t  
Cape Kennedy within a specif ied period of time. The proba- 
b i l i t i e s  previously computed , ref  err ing t o  a specif i c  time 

So far ,  a l l  of the probabi l i t i es  computed r e fe r  
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Figure 20: Percent probabi l i ty  that t ropical  storms o r  hur- 
r icanes,  having originated i n  the Atlantic o r  
eastern Caribbean July I5  - October 15, w i l l  
produce c r i t i c a l  winds a t  Cape Kennedy a t  (a) 24 
hours, and (b) 48 hours. 
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Figure 21: Percent probability that tropical storms or 
hurricanes, having originated in the Atlantic 
o r  eastern Caribbean July 15 - October 15, w i l l  
produce critical winds at Cape Kennedy at 
(a) 72 hours, and (b) 96 hours. 
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Figure 22: Percent probability that tropical storms or 
hurricanes having originated in the Atlantic 
or eastern Caribbean July 15 - October 15  
will roduce critical winds at Cape Kennedy 
at (a! 120 hours, and (b) 144 hours, 



Figure 2 3 :  Percent probabi l i ty  that  t rop ica l  storms o r  
hurricanes having or iginated i n  the Atlant ic  
o r  eastern Caribbean July I 5  - October 15 
w i l l  produce c r i t i c a l  winds a t  Cape Kennedy 
a t  the 168th hour. 



Figure 24: Percent probabili ty that t ropical  storms or  
hurricanes, having originated i n  the western 
Caribbean or  G u l f  of Mexico September 15 - 
October 31 w i l l  produce c r i t i c a l  winds a t  
Cape Kennedy a t  (a) 24 hours, and (b) 48 hours. 



Figure 25: Percent probabili ty t h a t  t ropical  storms o r  
hurricanes, having originated i n  the western 
Caribbean o r  G u l f  of Mexico September 15 - 
October 31, w i l l  produce c r i t i c a l  winds a t  
Cape Kennedy a t  (a) 72 hours,  and (b) 96 hours. 

32 



Figure 26: Percent probabili ty tha t  t rop ica l  storms o r  
hurricanes, having originated i n  the western 
Caribbean o r  Gulf of Mexico September 15 - 
October 31 w i l l  produce c r i t i c a l  winds a t  
Cape Kennedy a t  the 120th hour, 
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p r i o r  t o  the onset of c r i t i c a l  winds, cannot simply be added 
t o  obtain the t o t a l  probabi l i ty  of Cape Kennedy being a f f ec t& 
by an exis t ing s torm.  In the cumulative process, i t  is  neces- 
sa ry  t o  consider the number of boxes i n  which the storms 
af fec t ing  Cape Kennedy were located during each 24-hour period. 
When these a r e  counted and the sum divided by N ( the  number of 
storms from which the e l l i p s e  w a s  computed), a f ac to r ,  M, i s  
obtained which can be applied to  each box within the e l l i p s e .  
This has the e f f e c t  of adding storms t o  each box, because 
the number of storms located i n  each box during a given time 
span i s  considered, not merely those storms t h a t  were i n  the 
box a t  a specif ied time. For Atlant ic  and eastern Caribbean 
storms, t h i s  e f fec t ive ly  increased the box count by a fac tor  
ranging from 2.5 t o  3.3, and f o r  the western Caribbean and 
Gulf of Mexico storms by a f ac to r  ranging from 1.5 t o  3.7. 
The range i n  the fac tors  r e f l e c t s  the var ia t ion  i n  t ransla-  
t i ona l  speeds of the storms i n  d i f f e ren t  areas .  

In  summary; the t o t a l  o r  cumulative probabi l i ty  
within a specif ied period i s  obtained by adding the sum of 
probabi l i t i es  obtained from equation ( 1 1 )  plus a quantity 
which depends on the number of addi t ional  boxes i n  which a 
storm affect ing Cape Kennedy has been during the 24-hour 
period under consideration. The l a t t e r  quant i ty  can be ex- 
pressed as 

where M i s  the mean number of boxes i n  which the storms have 
been during the 
tween e l l i p s e s .  
i n  question and 
contribution: 

If the e l l i p s e s  
a re  he re ) ,  t h i s  

24-hour period, 11 f; i s  the time i n  hours be- 

simplifying, one obtains f o r  the 24-hour 
Adding t h i s  quant i ty  t o  P 1  f o r  the e l l i p s e  

a re  spaced a t  24-hour in te rva ls  (as  they 
reduces 

p24 
The t o t a l  or cumulative 
of time and f o r  a given 

P =  

t o  

= P'M (13) 

probabi l i ty  within a specif ied period 
box i s  then: 
n 
I 

i = O  
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where n i s  the number of days within which the cumulative 
probabi l i t i es  a re  computed. 

,For example, suppose the probabili ty of a storm i n  
a given box affecting Cape Kennedy i n  120 hours i s  2.5$, M i s  
3.0; the 24-hour contribution from T-120 hours t o  T-96 hours 
i s  P24 = PIM = 2.5 x 3.0 = 7.5%. The sum of a l l  such 24-hour 
contributions i s  the t o t a l  p robab i l i t y  given by equation (14). 

The probabi l i t ies  of storms producing c r i t i c a l  
winds a t  Cape Kennedy within specified per iods of time, here- 
a f t e r  referred t o  as cumulative p robab i l i t i e s ,  a re  shown i n  
Figures 27 through 29. The data presented on these charts 
were smoothed by averaging the numbers i n  the boxes a t  t he i r  
common intersect ion,  boxes w i t h  no entry being counted as 
zero . 

A fur ther  check was made on the va l id i ty  of these 
cumulative probabili ty figures by computing the actual f re -  
quency within 168 hours w i t h  which storms passing through 
the Atlantic affected Cape Kennedy w i t h  c r i t i c a l  winds,during 
the mid-season period July 15 - October 15. This w a s  done 
simply by computing the r a t i o  of the number of storms passing 
through each box tha t  affected CapemKennedy t o  the t o t a l  num- 
ber of storms passing through each box. These frequencies 
a re  shown i n  Figure 30. Note that the frequencies are  similar 
t o  the probabi l i t ies  computed from the e l l ipses  (Figure 28b) 
except i n  the eastern Atlantic where the t o t a l  number of 
s toms  that eventually produced c r i t i c a l  winds a t  Cape Kennedy 
was very small, and a smooth pat tern could not be obtained i n  
the analysis. 
Mexico storms showed that resu l t s  obtained from computations 
using the e l l ipse$  were similar also t o  the actual frequencies, 
'although of course a much smoother pat tern was obtained from 
the data computed from the e l l ipses .  

A check on the western Caribbean and G u l f  of 

PROBLEM 3 

The th i rd  and f i n a l  problem was t o  determine the 
probabi l i ty  of an existing t ropical  cyclone producing c r i t i c a l  
winds a t  Cape Kennedy considering the storm's antecedent motion. 

Figures.27 and 28 presented data on the probabili ty 
of an existing Atlantic or  eastern Caribbean t ropical  cyclone 
producing c r i t i c a l  winds a t  Cape Kennedy without regard t o  
the storm's d i rec t ion  of motion. 
indicates that a t ropical  cyclone located a t .  200N 
a 195 chance of producing c r i t i c a l  winds a t  Cape kennedy 

For example, Figure 28b 
65oW has 
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Figure 27: Cumulative percent probability of a tropical storm 
or hurricane, located at a given point and having 
originated in the eastern Caribbean or the Atlantic 
Ju ly  15 - October 31, producing critical winds at 
Cape Kennedy within (a) 96 hours, and (b) 120 hours. 
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Figure 28: Cumulative percent probabili ty of a t ropical  storm 
o r  hurricane located a t  a given point and having 
originated i n  the eastern Caribbean o r  the Atlantic 
July 15 - October 31 
Cape Kennedy within [a B 144 hours and (b) 168 hours. 

roducing c r i t i c a l  winds a t  
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within 168 hours. It i s  apparent, however, that i f  a storm 
i s  located a t  t h i s  given p o i n t  and i s  moving i n  some d i r ec t ion  
away from Cape Kennedy, say towards the northeast ,  the proba- 
b i l i t y  would be considerably l e s s  than 19%. On the other  ha@ 
a storm located a t  th is  same s i t e  movin toward the WNW o r  NW 
would have a higher probabi l i ty  than I90 B of  producing c r i t i c a l  
winds a t  Cape Kennedy. It i s  desirable ,  therefore ,  t o  s t r a t i f y  
fur ther  the data  of Figures 27 and 28 i n  such a manner that 
the f i n a l  cumulative probabi l i t i es  a r e  dependent on the s torm's  
d i rec t ion  of motion. 

A computer program w a s  wr i t ten  t o  count the number 
of storms passing through each 2* degree la t i tude-longi tude 
box from each of the e ight  direct ions measured clockwise from 
north (north through northeast ,  northeast  through eas t ,  e tc . )  
Storm motion w a s  taken as the motion of the storm upon i t s  
entry in to  a given box. The program w a s  run i n i t i a l l y  f o r  
a l l  storms of a given category, regardless of t h e i r  e f f e c t  
on Cape Kennedy. 
including only those storms which eventually yielded c r i t i c a l  
winds f o r  Cape Kennedy. 

The program w a s  then run f o r  a second time 

The data  per ta ining t o  the l a t t e r  category of s torms 
were processed fur ther  t o  determine the var ia t ion  of storm 
movement w i t h  longitude. Table 2 shows the r e s u l t s  of this 
processing and c lear ly  demonstrates t h a t  f o r  longitudes e a s t  
of 77.5OW, nearly a l l  of the storms which affected Cape Kennedy 
.were moving i n  a d i rec t ion  from eas t  through southeast  but w i t h  
a few cases from the adjacent direct ions of e a s t  through north- 
eas t  o r  southeast  through south. 
it i s  considered l i k e l y  tha t  each of the zones would observe 
a t  l e a s t  a few cases i n  the adjacent boxes. It appears, there-  
fore ,  t h a t  insofar  as longitudes eas t  of  7 7 . 5 O W  a re  concerned, 
the average d i rec t ion  of movement of storms which eventually 
bring c r i t i c a l  winds t o  Cape Kennedy i s ,  f o r  a l l  p r a c t i c a l  
purposes, constant. It was permissible, therefore ,  and i n  
f a c t  desirable ,  t o  combine the longitude zones e a s t  of 7 7 . 5 O W  
in to  a s ingle  zone. This averaging process has the e f f e c t  of 
p a r t i a l l y  compensating f o r  the l imited data  sample under con- 
s iderat ion.  Referring again t o  Table 2, the two zones west 
of 7 7 . 5 O W  were retained as separate e n t i t i e s  s ince the direc-  
t iona l  values within these t w o  l a t t e r  zones show d i s t i n c t l y  
the trend f o r  recurvature i n  these longitudes. The modifica- 
t ions j u s t  described are  shown i n  Table 3. 

Given a l a rge r  data  sample, 



Table 2: Direction of motion of Type B storms within 
specif ied longitude zones p r i o r  t o  producing 
c r i t i c a l  winds a t  Cape Kennedy 

5-sw Number of Cases Ob- 
served within Long. 

Zones (Ow> 

80.0 t o  82.5 
77.5 t o  80.0 
75.0 t o  77.5 
72.5 t o  75.0 
70.0 t o  72.5 
67.5 to 70.0 
65.0 t o  67.5 
62.5 t o  65.0 
60.0 t o  62.5 
57.5 t o  60.0 
55.0 t o  57.5 
52.5 t o  55.0 
50.0 t o  52.5 
47.5 t o  50.0 
45.0 t o  47.5 
42.5 t o  45.0 
4-0.0 t o  42.5 

SI-w 

SE thru S 

Table 3: Direction of motion of Type B storms within 
specif ied combined longitude zones p r i o r  t o  
producing c r i t i c a l  winds a t  Cape Kennedy 

8 33.3 

0 
0 
24 
7 
1 
0 
0 
0 

0 e o  

0 .o 2 
74.3 229 
22.6 6 
3.1 0 
0 e o  0 
0 .o 0 
0 .o 0 

0 .o 
0 * 9  

96.6 
2.5 
0 .o 
0 .o 
0 .o 
0 .o 

Total 24 I 100.0 237 100.0 I 32 i -130*0 cases 

w 



The da ta  from Table 3 provide s u f f i c i e n t  addi t ional  
information t o  subdivide the cumulative non-directional proba- 
b i l i t i e s  obtained from Figures 27 a d 2 8  into cumulative 
d i rec t iona l  probabi l i t i es .  The percentages l i s t e d  i n  Table 3 
can be considered d i r ec t iona l  weighting f ac to r s .  Designating 
these f ac to r s  as Fd, t h e i r  s m a t i o n  over a l l  e ight  direct ions 
of movement plus no movement i s  

2 F d - i  = 1 .  
i = l  

F n  a given 2* degree la t i tude-longi tude box and f o r  a given 
cumulative time period, the necessary computations can be 
expressed as follows : 

where : 

Pd = cumulative probabi l i ty  of a t rop ica l  cyclone 
moving from d i r ec t ion  producing c r i t i c a l  winds 
a t  Cape Kennedy 

P = cumulative probabi l i ty  of  a storln producing 
c r i t i c a l  winds a t  Cape Kennedy without regard 
t o  the  storm movement 

Nt = t o t a l  number of storms passing through the given 
2* degree la t i tude-longi tude box 

Fd = appropriate d i rec t iona l  weighting f ac to r  2 Fdi = 1 
i = l  

from Table 3 

Nd = ac tua l  count of t o t a l  number of storms passing 
through the given 28 degree la t i tude-longi tude 
box from a d i r ec t ion  A. 

A s  i n  equation ( 1  1) , equation (15) must be bounded t o  rule out 
the  impossible s i tua t ions  a Once again, however, these bow- 
da r i e s  were not  approached i n  ac tua l  computations. 

equals the  number of storms i n  a given box calculated t o  have 
affected Cape Kennedy. This product multiplied by the weight- 
ing f a c t o r  (Fd) y ie lds  the number of  storms moving from a 
p a r t i c u l a r  d i r ec t ion  which eventually reached Cape Kennedy. 
Dividing the  numerator by Nd gives the desired d i rec t iona l  

I n  formula (15), the  product P N t  i n  the n-merator 



probabi l i ty ,  The weighted 
equals the non-directional 

sum of the direct ional  probabi l i t ies  
probabili ty a t  each point. T 

PdiFdi p ,  
1 

where the summation i s  again over a l l  directions of movement 
considbred , including no movement. 

l a t i v e  d i rec t iona l  p robab i l i t y ,  suppose i t  is  desired t o  
determine the probabi l i ty  of a storm located i n  the center of 
the 2* degree latitude-longitude box located ju s t  south of 
200N and jus t  west of 60OW of producing c r i t i c a l  winds a t  Cape 
Kennedy within 168 hours. 
I n  formula (15) 

As an example of the computation of a specif ic  cumu- 

The storm i s  moving from the ESE. 

P = .I6 (from Figure 28b) 

N t  = 52 (from Figure 18) 

Fd = .966 (from Table 3) 
Nd = 46 (from computer output, these figures not 

included i n  report) 

Thus, the f a c t  that the storm is  moving towards Cape Kennedy 
increases the probabili ty of this storm producing c r i t i c a l  
winds a t  Cape Kennedy from 16% to  17.5%. 

A computer program was wri t ten t o  perform the 
necessary computations f o r  Type B storms f o r  each of the eight 
directions and f o r  each of the cumulative time periods (168 
hours, 144 hours 120 hours, and 96 hours) and t o  smooth the’ 
data over four a i jacent  boxes. The resu l t s  of these computa- 
t ions along w i t  l y s i s  of the plotted data a re  
shown i n  Figur 

was also run f o r  the Type C 
storms . However, ause of 

the small data ts were, fo r  the t part, 
inconclusive , a ed i n  this report .  
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Example 1 

What is the probabi l i ty  of c r i t i c a l  winds occurring 
a t  Cape Kennedy (a )  a t  least  once during any given calendar 
year, and ( b )  twice during any given calendar year? 

Discussion 

From Table 4, it can be seen t h a t  the  Poisson d i s -  
t r i bu t ion  function given by 

p ( x ) =  e+4nx/xr (16)  

where e is  the base of na tura l  logarithms, m i s  the  sample mean 
and x is the  number of occurrences per  year,  f i t s  the  observed 
fsequencies wits well. The probabi l i ty  of c r i t i c a l  winds 
occurring a t  l e a s t  once i n  aagr calendar year is  simplyl=p(O) OS 
1.00-0.04= 0.30 (30%). The probabi l i ty  of two storms occurring 
In  one year i s  given d i r e c t l y  by Table 4 as 0.06 o r  6%. Use of the 
Poisson d i s t r ibu t ion  assumes t h a t  the occurrence of m i t i c a l  
winds is independent of other  oocurrences of this event, 

Table 4. Observed and computed probabi l i ty  of yearly c r i t i c a l  
wind occuFrence8. 

OCCURRENCES PER YEAR 
1 n ly 

U '4. G %J 

Observed freiuancy......,,.,. 0.83 0,sO 0.57 0.50 
Poisson probability,......... 0.64 0.29 0.06 0.01 

m= b .44 

ExamDle 2 

s i tua t ion ,  what i s  the per cent probabili ty of Cape Kennedy 
receiving c r i t i c a l  winds from a t ropical  storm o r  a hurricane 
(a)  during the month of September, (b) during the week of 
September 10-16, and (c)  on September 25? 

. 
Without regard t o  any current synoptic weather 

Discussion 

7. From Figure 5 based on p a s t  frequencies, c r i t i c a l  winds 
can be expected during the month of September on 11 . 1% of 

The information i s  contained i n  Figures 5, 6 and 

gure 6, c r i t i c a l  winds can be 
September 10-16 on 4.8% of the 
i c a l  winds can be expected on September 

57 



A hurricane is located in t h e  Atlantic near  16,ZoN, 
55,OOW at 1000GMT, September 15. 
l i r e c t i o n  of motion, what i s  the  probabi l i ty  of producing 
c r i t i c a l  winds a t  C a  e Kennedy a t  any time within (a) 120 hours (5 days) ,  and (b) 168 hours (7  days)? 

Without considering t h i s  storm's 

Discussion 

From Figure 27b, the 120-hour cumulative probabi l i ty  
i s  read as 2.5% while from Figure 28b, the 168-hour cumulative 
probabi l i ty  i s  read as 14ge 

ExamDle 4 

Given the same storm as i n  Example 3, what i s  the  
probabi l i ty  of receiving c r i t i c a l  winds between the 120th , 
and 168th hour; t h a t  i s ,  between the  5th and 7th day? 

Discuss ion  

The procedure i s  t o  subt rac t  the cumulative 120-hour 
probabi l i ty  from the  cumulative 168-hour probabi l i ty .  I n  the 
above example, t h i s  would be 14% less  2.5%, o r  11.5%. 
c i f i c a l l y ,  11.5% of the t rop ica l  cyclones located a t  16.20N, 
55.00W would be expected t o  produce c r i t i c a l  winds a t  Cape 
Kennedy sometime between 10OOGMT zeptember 20 and lOOOGMT 
September 22. 

S2e- 

Example 5 
Given storms located a t  (a)  250N, 80OW, and a t  

( b )  200N, 55W, what i s  the probabi l i ty  of  Cape Kennedy ob- 
serving c r i t i c a l  winds from these s t o r m  a t  precisely 72 
hours without regard t o  the s t o r m ' s  d i r ec t ion  of motion? 

Discussion 

be near zero. I n  the former case, i f  the storm were t o  s t r i k e  
Cape Kennedy, i t  would do so  before 72 hours, while i n  the 
l a t t e r  case it would do so  a f te r  72 hours. 

According t o  Figure 21a, both probabi l i t i es  would 

ExamDle 6 

Given the  same hurricane as i n  Example 3, what i s  
the  most l i k e l y  t i m e  f o r  t h i s  storm t o  produce c r i t i c a l  winds 
a t  Cape Kennedy? 

D i s cus s ion  

16. Construct a l i ne  through the storm pos i t ion  perpendicular 
t o  the centroid t rack  and read about 148 hours. 

An approximate est imate  can be obtained from Figure 



A more precise  method would be t o  use Figures 20 
through 23. 
a t  24, 48 and 72 hours a r e  a l l  near zero. 
the 96-hour probabi l i ty  i s  near ' zero ,  from Figure 22a, the 
120-hour probabi l i t  
p robabi l i ty  i s  3.0< and from Figure 23, the 168-hour proba- 
b i l i t y  i s  1.8%. 
i n  Figure 44. 
seen t o  occur a t  about 142 hours. 

From Figures 20a, 20b and 21a, the probabi l i t i es  
From Figure 21b, 

i s  0.5%, from Figure 22b, the 14-4-hour 

Graphically, t h i s  can be represented as shown 
The maximum probabi l i ty  of s l i g h t l y  over 3% i s  

-I 
8 3.0 
2 p 2.0 
n 

ID 

0 

Figure 44: 
Probabi l i ty  of a t rop ica l  s tor  
o r  hurricane located a t  16.2N, 
55.0W, producing c r i t i c a l  wind 
a t  Cape Kennedy a t  specif ied 
hours e 

ExamDle 7 

What i s  the average t rans la t iona l  speed of a hur r i -  
cane o r  t rop ica l  storm which may a f f e c t  Cape Kennedy? 

Discussion 

dis tance from Cape Kennedy and the source region of the storm. 
The average speeds can be calculated from Figure 16. These 
a re  l i s t e d  i n  tabular  form i n  Table 5a and Table 5.b. 

The average speed var ies  depending on both the 

ExamDle 8 

, 
490W, and i s  moving i n  a west-northwesterly direct ion.  
i s  the probabi l i ty  of  th is  hurricane producing c r i t i c a l  winds 
a t  Cape Kennedy within 168 hours? 

A hurricane i s  located i n  the Atlant ic  near 15% 
What 

Discussion 

From Figure 42, the probabi l i ty  i s  read as 10%. 

A hurricane i s  located i n  the Atlant ic  near 200N, 
65OW and i s  moving d i r e c t l y  toward the northwest. What i s  
the probabi l i ty  of t h i s  hurricane producing c r i t i c a l  winds 
a t  Cape Kennedy within 144 hours? 

9 



Discussion 

is  represented both by Figure 39 and Figure 40, the recom- 
mended procedwce would be t o  take a mean of the values 
obtained from each of the t w o  f igures .  
probabi l i ty  of 23% while Figure 40 gives a 

Since t h i s  storm i s  moving from a d i r ec t ion  which 

Figure 39 gives a 
robabi l i ty  of 5%. The desired probabi l i ty  i s  therefore  1 f: %. 

Table 5a: Average t rans la t iona l  speeds of t rop ica l  cyclones 
which have produced c r i t i c a l  winds a t  Cape Kennedy - 
Storms or iginat ing i n  Atlant ic  o r  eastern Caribbean 

From T O  Distance Between Ave :g; tSp e ed 
0 w Centroids (NM) 

0 24 
24 48 
48 72 
72 96 

120 
1 44 

96 
120 
144 168 

0 168 

-1 95 8.1 
230 9.6 

11.3 
10.8 

270 
260 
240 10 .o 
300 12.5 
310 12.9 

1805 10.7 

TableSb : Average t rans la t iona l  speeds o f  t rop ica l  cyclones 
which have produced c r i t i c a l  winds a t  Cape Kennedy - 
Storms or iginat ing i n  the western Caribbean o r  
Gulf of Mexico 

Average S eed 
(Knots7 

From To Distance Between 
Ihr) lhrl Centroids (NM) 

0 24 
24 48 
48 72 
72 96 

120 
120 

96 
0 

260 
160 
100 
193 
70 

780 

10.8 
6.7 
4.1 
7.9 
2.9 
645 
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i l i t i e s  comp th  
useful f o r  time scales beyond those f o r  wh 
issued. Normally mil i tary and NASA i n s t a l  
forecasts available f o r  peri3ds extending out t o  72 hours. 
Studies have been made on the accuracy of these forecasts ,  
and some use the forecasts themselves t o  compute storm s t r i k e  
probabi l i t ies .  
U.S. Navy Weather Research Fac i l i ty  (19631, and Veigas e t  a1 
(1959) . 
l e s s  than 72 hours a re  presented i n  this  paper, they a re  not 
intended to  replace those based on the l a t e s t  available fore- 
casts . 

Among these are  Tracy (19661, Appleman (1963), 

Although climatological probabi l i t i es  f o r  periods 

There were insuff ic ient  data available t o  process 
May, June o r  ear ly  July storms according t o  the method out- 
l ined. However, i f  a storm should appear during this period, 
an estimate of the p robab i l i t y  of i t s  affecting Cape Kennedy 
can be obtained by noting i t s  point of origin.  For example, 
i f  a May, June o r  ear ly  July storm originated i n  the western 
Caribbean or  the G u l f  of Mexico, the probabi l i t ies  computed 
fo r  the late-season storms would be more appropriate. 
Similarly, if a storm appears i n  the Atlantic o r  eastern 
Caribbean during the ear ly  season, probabi l i t ies  computed f o r  
the mid-season storms would be used. I n  e i ther  case, caution 
should be used since the computations were not made from 
early-season data. 

Certainly more confidence can be placed i n  the 
probabi l i t ies  computed f o r  mid-season storms, that i s ,  those 
originating i n  the Atlantic o r  the eastern Caribbean, than 
f o r  l a t e  season storms because there were more data available 
from which t o  compute the former. Indeed, i t  was not possible 
t o  s t r a t i f y  the l a t t e r  group of storms according t o  antecedent 
motion due t o  lack of suf f ic ien t  data. 

It i s  believed that the probabi l i t ies  computed 
herein w i l l  be of use to  planners whose responsibi l i ty  i t  is  
t o  i n i t i a t e  act ion far  i n  advance of the time of onset of 
c r i t i c a l  winds. Besides giving an estimate of the probabili ty 
and time of Cape Kennedy being affected by a t ropical  cyclone, 
the study c lear ly  shows the areas from which the greatest  
threats  emanate as well as those areas from which there i s  
l i t t l e  likelihood that storm may reach Cape Kennedy. 
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The breakdown of tropical storm occurrences in the 
Atlantic, G u l f  of Mexico and the Caribbean into 2* degree 
latitude-longitude boxes is a refinement of tropical cyclone 
climatology since previous studies have shown the distribution 
over 5 degree latitude-longitude boxes. 
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APPENDIX 

Computation of B i n  Formula(11) 
s. 

1 

P - =  BN/Nt ,  B N S N t ,  N t > O  

Consider the 120-hour (S-day) e l l i p ses  f o r  storms 
or iginat ing i n  the Atlant ic  o r  eastern Caribbean (Figure A ) .  

Now consider the 2* degree la t i tude-longi tude box 
bounded by 2ON, 62.%, 17.m, and 6%. 

c 

P o r t i o n s  of the ,50-.70, ,30-.5O, and .IO-.30 
e l l i p t i c a l  r ings pass  through the box. Each e l l i p t i c a l  r ing 
contributes .20 (20 per cent) t o  the t o t a l  e l l i p se .  

The contr ibut ion of  the area i n  the box t o  the en t i r e  
e l l i p s e  i n  terms of probabi l i ty  can be approximated by f inding 
the por t ion  of each complete e l l i p t i c a l  r ing tha t  i s  included 
i n  the box. For t h i s  a planimeter o r  a fine-mesh gr id  can be 
used. The l a t t e r  was used i n  t h i s  study. In  t h i s  case, the . 
box includes : 

5.0 per cent of the .50-.70 e l l i p t i c a l  r ing 

8.8 per  cent of the .3O-.5O e l l i p t i c a l  r ing 

14.5 per cent of the .10-.30 e l l i p t i c a l  r ing 

To approximate the port ion of the e l l i p s e  contained i n  the 
box, multiply the port ion of each e l l i p t i c a l  r ing included i n  
the box by the per cent contr ibut ion of each e l l i p t i c a l  r ing 
t o  the en t i r e  e l l i p s e ,  and t o t a l  the products. 

5.0% x .20 = 1.0% 

8.5% x .20 = 1.7% 

-14.5% x .20 = 2.9% 

Total  included i n  box 5.6% 

That i s ,  5.6% of the storms within the e l l i p s e  would have 
been i n  t h i s  pa r t i cu la r  box assuming a b ivar ia te  normal d i s -  
t r ibu t ion .  Since there  were 16 storms from which the e l l i p s e  
was computed a t  120 hours, the t o t a l  i n  the box would have been 

B = 5.6$ x 16 = .89 storms 



There are precise methods available for integrating 
the bivariate normal e l l i p t i c a l  density function over an 
o f f se t  c i r c l e .  Extensive tables of values so obtained ha 
been published; the l a t e s t  and mos 
come to  the at tent ion of the autho 
V i t a l i s  and Crutcher (1967) . A c 
those oLtained by the method described i n  this paper showed 
close agreement, For example, i n  the case cited above, 5.8% 
was obtained f o r  B using an equivalent area of fse t  c i r c l e  
centered a t  the center of the latitude-longitude box, compared 
to  the 5.6% approximation obtained using the fine-mesh g r id .  

Figure A: Ellipse used i n  i l lus t ra t ion  of the com- 
putation of B i n  formula (11).& p' = BN/Nt 


